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Abstract
Aim: In recent years the Spanish Geotechnical Laboratory of CEDEX (Centro de Estudios y 
Experimentación de Obras Públicas) has developed for ADIF (Administrador de Infraestructuras 
Ferroviarias) a series of monitoring techniques (with different types of sensors) to be used in 
combination with numerical models in order to define the vertical dynamic behavior of the track 
structure in high-speed railways. Currently we are extending our work with the purpose of monitoring 
and studying also the horizontal response of the track superstructure. In this contribution we present 
our methods for measuring vertical and horizontal displacements and loads on the rail in high-speed 
railways.  
Method: Numerical models have been used to evaluate results from different instrumentation 
configurations that have been designed to measure horizontal displacements and loads on the rail. 
Several tests in the CEDEX real scale track box facility have also been carried out. The obtained data 
have been interpreted in the light of the numerical models. In this way we have been able to pick out 
the best configurations, which have been later put in a real high-speed rail section. Besides, we have 
studied relationships between simultaneous measurements of horizontal force on the rail and 
horizontal rail-sleeper relative displacement. A good correlation between both parameters has been 
observed. New tests are being carried out in the CEDEX real scale track box facility with the purpose 
of optimizing the developed techniques and improving the numerical model calibration.  
Results: With all these techniques we are improving the knowledge of different railway sections 
(sections with significant thickness of ballast, transitions slab track - ballasted track, sections with 
bituminous sub-ballast, etc.), and optimizing their design. New techniques for analyzing the horizontal 
behavior of high-speed railways have been developed based on numerical models and different tests 
carried out in the CEDEX real scale track box facility. 
Keywords: High-speed railways, Track superstructure, Rails, Monitoring techniques, Horizontal loads, Horizontal 
displacements, Instrumentation
                                                          
* In this work, the term "horizontal" refers to the transverse direction (along the sleeper). 
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1 Introduction 
In recent years our research team has been developing a series of monitoring techniques to define 
the vertical dynamic behavior of the track structure in high-speed railways. Different sensors are used 
for this purpose. In particular, we take advantage of: 
• Linear variable differential transformers (LVDT) to measure vertical changes in the 
length of the different layers; 
• Pressure cells to define how loads are transferred to deep layers; 
• Strain gauges in the rail web to obtain dynamic wheel loads and force reactions (see 
Figure 1); 
• 2 Hz geophones to measure vertical rail velocities and displacements under traffic loads 
(see Figure 1); 
• Laser emitter-receiver sensors to quantify vertical rail displacements (see Figure 1). 
• 1 Hz geophones to obtain vertical sleeper velocities and displacements under traffic loads 
(see Figure 1); 
• Potentiometers to measure relative vertical movements between the rail and the sleepers 
(see Figure 1); 
• Accelerometers to estimate the acceleration of different elements of the track 
superstructure. 
Figure 1: Some sensors used to monitor the vertical behaviour of high-speed railways.
With all these sensors and our analysis techniques we have successfully monitored and studied 
different configurations of high-speed railways. The results and conclusions of these works allow 
improving the design and maintenance of railway track structures. In particular, we have carried out 
works for: 
• Studying how a railway track structure evolves in its early phases after construction 
(García-de-la-Oliva & Santiago-Recuerda, 2013a); 
• Analyzing different kinds of transitions: from a slab track to a ballasted track (Moreno-
Robles et al., 2013); from a granular subballast track to a bituminous one (García-de-la-
Oliva & Santiago-Recuerda, 2013b); and from an embankment to a structure; 
• Comparing sections with different thickness (from standard to large) of the ballast layer 
(García-de-la-Oliva & Santiago-Recuerda, 2013c); 
• Detecting the presence and evolution of ground holes under a tunnel (García-de-la-Oliva 
et al., 2013). 
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The work performed to compare sections with different thickness of the ballast layer (García-de-la-
Oliva & Santiago-Recuerda, 2013c) pointed to no significant differences in their vertical behavior. In 
fact, the vertical stiffness of sections with a large ballast layer results to be very similar to that of 
sections with an equal configuration but a standard ballast layer. At this point we wondered if railway 
tracks with large ballast layers could be more sensitive to horizontal loads than those with standard 
ballast layers. This encouraged us to search for techniques to monitor and analyze the horizontal 
response of the track structure to loads, especially in curved alignments. 
We have used three different kinds of sensors to monitor the horizontal response of railway tracks 
to loads, namely:  (i) 2 Hz geophones to measure horizontal rail velocities; (ii) Potentiometers to 
measure relative horizontal rail displacements; and (iii) Strain gauges to obtain dynamic horizontal 
loads on the rail. 
2 Horizontal Behavior of Curved Railway Alignments with 
different Thickness of the Ballast Layer 
In curved railway alignments, horizontal loads are present when trains travel over them. This is the 
reason why we have chosen this type of sections for testing the horizontal instrumentation. In 
particular, the section studied in this work has a radius of curvature of 4200 m and a track cant of 120 
mm. In this section there are two different regions: the first one has a standard ballast layer and the 
second one has a large ballast layer. The region with the standard ballast layer has a ballast thickness 
of about 0.60 m, while the ballast thickness of the region with the large ballast layer is about 1.40 m 
(both values refer to the ballast remaining completely below the sleepers). Our aim is to compare the 
response of these two regions to horizontal loads. This article shows results for the horizontal 
movement caused by trains with 21 axles (see configuration in Figure 2). Hereafter, the horizontal 
displacement of the rail is considered negative when the rail moves outwards from the center of the 
sleeper. The speed of these trains in both regions is 250 km/h. Note that, due to technical reasons, the 
trains analyzed in both regions are the same type, but the time-origin is not the same for them. This is 
the reason why the term “relative time” appears hereafter. Information on the vertical wheel loads 
measured for these trains is shown in Figure 3. 
Figure 2: Axle configuration of the type of train responsible for the rail movements analyzed in this article. 
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Figure 3: Vertical wheel loads measured for the analyzed trains. 
2.1 Horizontal Rail Displacements 
We have used potentiometers to measure horizontal rail-sleeper relative displacements (see Figure 
4). A potentiometer is an electrical type of transducer based on the fact that the electrical resistance of 
a wire depends linearly on its length. This sensor consists of an electric circuit in which the resistance 
changes when the position of the sliding contact is modified. We are able to measure horizontal rail-
sleeper relative displacements using this type of sensor. Results for horizontal displacements caused 
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by a train with 21 axles in the outer rail of the region with the standard ballast layer are shown in the 
left panel of Figure 5, while those for the region with the large ballast layer are shown in the right 
panel of the same figure. No significant differences between the two regions are observed. Excepting 
the first bogies and their nearest axles, similar rail displacements are found, with values in the range    
-0.26 – -0.05 mm. Note that we have plotted the original data together with the filtered† data, in which 
noise has been removed. 
Figure 4: Assembly of the horizontal and vertical potentiometers. 
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Figure 5: Horizontal rail-sleeper relative displacement (vs. time) caused by 21 axle trains in the outer rail of 
the region with the standard ballast layer (left panel) and that with the large ballast layer (right panel). The scale 
of the axes is the same in both panels for a better comparison.
2.2 Horizontal Rail Velocities 
We have used 2 Hz coil/magnet geophones to measure absolute horizontal rail velocities. This type 
of sensor is suitable for placing onto the rail because it is small and lightweight. Coil/magnet 
geophones are highly sensitive motion transducers that detect motion in only one direction. This kind 
of geophones basically consists of a hanging permanent magnet and a coil affected by its magnetic 
field. According to the Faraday law, when the magnet undergoes a relative movement from the coil, a 
voltage is induced in the coil. As the induced voltage is proportional to the relative speed, the 
geophone sensor element is actually measuring velocity. Geophones modify the amplitude and the 
phase of the input signal, so that the output must be restored in order to obtain reliable measurements. 
The amplitude- and phase-corrections are applied by using the procedure reported by Crespo-Chacón 
et al. (2016) and the transfer function provided by the manufacturer. Results for horizontal velocities 
caused by a train with 21 axles in the outer rail of the region with the standard ballast layer are shown 
in the left panel of Figure 6, while those for the region with the large ballast layer are shown in the 
right panel of the same figure. The spectral information (Fourier amplitude, |FFT|, vs. frequency) of 
                                                          
† A low-pass filter from 0 Hz to 250 Hz has been used. 
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these data is given in Figure 7. The horizontal rail displacement (Figure 8) has been obtained by time-
integrating the horizontal rail velocity measured by the geophone. 
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Figure 6: Horizontal rail velocity (vs. time) caused by 21 axle trains in the outer rail of the region with the 
standard ballast layer (left panel) and that with the large ballast layer (right panel). The scale of the axes is the 
same in both panels for a better comparison.
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Figure 7: Spectral information of the signals shown in Figure 6.
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Figure 8: Horizontal rail displacement (obtained by time-integrating the data shown in Figure 6) caused by 21 
axle trains in the outer rail of the region with the standard ballast layer (left panel) and that with the large ballast 
layer (right panel). The scale of the axes is the same in both panels for a better comparison. 
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The interpretation of the data shown in Figure 6 and Figure 8 is quite complicated. Additional 
information is obtained from the spectral analysis of the data shown in Figure 6 (Figure 7). The 
involved frequencies in both cases are almost the same (the amplitude, instead, is slightly different). It 
can be seen that minimum and maximum values of the horizontal rail velocity and displacement 
(Figure 6 and Figure 8) are roughly the same in both regions. Therefore we conclude that no 
significant differences in the horizontal rail behaviour are detected between regions with different 
thickness of the ballast layer. 
2.3 Horizontal Loads 
We take advantage of the relationship between stress (force per unit area) and strain (proportional 
deformation) in rails in order to obtain loads on the rail. Strains in the rail can be measured by using 
strain gauges. A strain gauge basically consists of an insulating flexible backing which supports a 
long, thin electrical wire which is looped back and forth. The strain gauge is properly attached to the 
object so that as the object is deformed, the wire length is changed causing its electrical resistance to 
change. A Wheatstone bridge allows measuring this resistance change, which is related to the strain by 
the gauge factor. 
We made a numerical analysis to define the best positions of the strain gauges. Afterwards, we 
carried out different trials at the CEDEX real scale track box facility in order to study the effect of 
horizontal loads on the rail. The horizontal load was applied by using a jack (see Figure 9). Different 
sensors were installed along the rail, including strain gages in order to obtain the strain induced in the 
rail at different longitudinal distances to the region in which the load was applied. 
Figure 9: Applying a horizontal load on a rail of the CEDEX real scale track box facility by using a jack. 
Different sensors are installed in order to measure its effects. 
Numerical models were also developed to simulate the effect of the horizontal load. In particular, 
the model simulates the values that the different strain gauges would detect (see Figure 10). The set of 
results from the model is plotted vs. the longitudinal distance to the applied force in Figure 11. In this 
figure: (i) the blue dashed line shows the location of the horizontal load on the rail; (ii) the red 
diamonds plot the strain gauges measures in the rail of the CEDEX real scale track box facility for a 
particular value of the horizontal load applied by the jack; and (iii) the blue circles show the numerical 
model strains for the same value of the horizontal load. The values obtained with the model are clearly 
in agreement with the real measurements. 
A horizontal load causes a profile similar to the blue curve in Figure 12 when measuring the strain 
of the rail vs. the longitudinal position to the point in which the horizontal load is being applied. 
However, a profile like the black curve shown in Figure 12 is obtained when measurements are taken 
in real railway tracks during the pass of a wheel. The main difference between these two curves is the 
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sharp, narrow and centered feature only present in the measurements taken at real railway tracks. This 
feature is identified with the response to the vertical load applied by the wheel when the wheel is not 
centered on the transverse axis of the rail. When this effect is modeled, the red curve in Figure 12 is 
obtained. Note that the total outcome from the model (effect of the horizontal load together with that 
of the vertical load when it is non-centered on the rail) is in very good agreement with the 
measurements taken in the real case. 
Figure 10: Numerical model to simulate the horizontal load effect.
Figure 11: Measurements taken at the CEDEX real scale track box facility vs. simulations from the model.
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Regarding the eccentricity of the non-centered vertical load, it is possible to identify in the field a 
polished band corresponding to the wheel-rail contact region, but it is a wide band and we cannot 
identify the exact position of the contact for each one of the train wheels. Therefore, we have done the 
numerical analysis considering different positions for the wheel-rail contact (within the polished 
region) and we have chosen the location that best matches the observed data. 
As seen above, the strain is proportional to the applied horizontal load. Currently we are working 
on calibrating the model in order to obtain horizontal loads from the strain measurements. 
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
-200
-100
0
100
200
300
400
Longitudinal position in the rail (m)
D
e
fo
rm
a
tio
n
 o
f t
he
 ra
il (
m
ic
ro
st
ra
in
s)
Model - Due to horizontal load
Model - Due to non-centred vertical load
Model - Total
Measurements - Total
Figure 12: Black line) Strain gauge deformations of the rail during the pass of a wheel vs. longitudinal 
distance between the wheel and the strain gauge; Blue line) Model of strain gauge deformation of the rail due to 
the horizontal load involved in the real measurements; Red line) Model of strain gauge deformation of the rail due 
to the non-centered vertical load involved in the real measurements; Green line) Model of strain gauge 
deformation of the rail (due to the horizontal load together with the non-centered vertical load).
2.4 Horizontal Loads vs. Horizontal Rail-Sleeper Relative 
Displacements 
In this subsection we analyze the relationship between horizontal loads and the corresponding rail-
sleeper relative displacement. This relationship is expected to be of linear type. As the model 
calibration is still in progress and the strain gauge deformation of the rail is proportional to the 
horizontal load, we instead search for the relationship between the strain gauge deformation and the 
horizontal rail-sleeper relative displacement. The study has been carried out so for the region with the 
standard ballast layer as for that with the large ballast layer. Results are plotted in two different panels 
in Figure 13. The axes are given in the same scale in both panels for a better comparison. The strain 
gauge deformations measured in both regions are very similar, pointing also to similar values of the 
applied horizontal loads. Besides, a very good correlation is observed between the strain gauge 
deformation and the horizontal rail-sleeper relative displacement. As expected, this correlation is of 
linear-type. Note that the quantity that relates both parameters is the same independently of the 
thickness of the ballast layer. 
Instrumentation Techniques for Studying the Horizontal Behavior of HSR Moreno-Robles et al.
877
3 Final Remarks 
The instrumentation techniques used by our research team to study the vertical behavior of high-
speed railways have been reviewed at the beginning of the present paper. Thanks to all these 
techniques we are improving the knowledge of different railway sections (sections with bituminous 
sub-ballast, sections with significant thickness of ballast, transitions slab track - ballasted track, etc.), 
and optimizing their design. In order to expand and complete these studies, new techniques for 
analyzing also the horizontal response of high-speed railways have been developed. In this work, the 
type of sensors and the procedures that we use for this purpose are described. In particular, a section 
that allows comparing the horizontal behavior of regions with different thickness of the ballast layer 
has been used for testing these methods. Results for rail strains, absolute horizontal rail velocities, and 
horizontal rail-sleeper relative displacements due to horizontal loads are given. A numerical model to 
obtain the value of horizontal loads from strains has been developed. Finally, correlations between 
these parameters are analyzed. 
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b)      Region with a large ballast layer (inner rail)
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Figure 13: Strain gauge deformation of the rail vs. horizontal rail-sleeper relative displacement at the regions 
with the standard and large ballast layers (a and b panels, respectively). Each mark defines the pair of values 
caused by a particular wheel in the train.
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